The investigation of the interaction between magnetooptical (MO) activity and plasmons has been a topic of enormous interest over the last three decades [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Current advances in nanostructuring make it nowadays possible to design new classes of nanosystems combining magnetic and plasmonic functionalities [18, 19] . As a result, investigations of localized plasma resonances (LPRs) in such nanostructured systems are broadening our understanding of optics at the nanoscale. It has recently been shown that purely ferromagnetic nanostructures support LPRs [20] . They are, thus, an ideal playground for studying effects arising from the excitation of LPRs and the simultaneous presence of MO activity. Initial studies on these structures were mainly focused on the enhancement of MO effects (complex Kerr or Faraday rotation angle) [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . Recent experimental investigations of the MO Kerr effect in systems made of Ni nanostructures have shown a plasmoninduced manipulation of the light phase that modifies the polarization of the reflected light. This effect can be exploited to achieve a controlled sign reversal of MO Kerr rotation or ellipticity through the engineering of the nanostructures dimension and shape [32, 33] . MO activity originates from spin-orbit (SO) coupling and is an intrinsic property of a material that cannot be freely and easily controlled. These recent investigations shifted the paradigm of research on magnetoplasmonic functional materials by showing that the excitation of LPRs provides a pathway for tuning the MO response of a system beyond what is offered by the control of intrinsic material properties.
In this Letter, we show that the complex interplay between MO activity and LPRs in ferromagnetic nanostructures can be described in terms of a simple model based on two orthogonal damped harmonic oscillators coupled by the SO interaction. We confirm experimentally the validity of our model and demonstrate unambiguously that it is the LPR excited transverse to the electric field of the incident light by the spin-orbit coupling that governs the MO response observed in ferromagnetic nanostructures. Also, we show that the LPR directly excited by the electric field of the incident light is irrelevant for the MO response.
At first, we investigate three samples made of Ni circular nanodisks of average diameters D ¼ 70ðAE5Þ, 100ðAE5Þ, and 160ðAE4Þ nm, and with filling factor around 10%. The nanodisks have the same thickness t ¼ 30 nm and were fabricated on glass substrates into large-scale disordered arrays using hole mask colloidal lithography [34] . Scanning electron microscopy (SEM) images of such arrays are shown in the insets of Fig. 1(a) . Figure 1(a) shows the far-field extinction spectra ðI 0 À I t Þ=I 0 of the three samples, where I 0 and I t are the intensities of the incident and transmitted light. The extinction spectra display the characteristic peak due to the excitation of a LPR at optical wavelengths as well as the expected redshift of the peak position with increasing nanodisk diameter.
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We performed MO Kerr effect (MOKE) reflectivity measurements in a Kerr spectrometer working in polar geometry (P-MOKE, incident angle 2.5 ) in the wavelength range 420-950 nm. This is sketched in Fig. 1(b) , together with the Kerr rotation ( K ) and ellipticity (" K ) angles measured when the polarity of the saturating magnetic field H s ¼ 8 kOe was switched along the normal of the sample plane. K and " K were measured at each wavelength with the reflected beam passing through a photoelastic phase modulator and a polarizer before detection. Two lock-in amplifiers were used to filter the signal at the modulation frequency and at twice the modulation frequency in order to retrieve " K and K simultaneously [35] .
The left column of Fig. 1(c) shows the P-MOKE spectra measured from the three specimens. A sign reversal of " K can be observed in all three samples at the increasing wavelength of $440, $510, and of $690 nm for D of 70, 100, and 160 nm, respectively. At a wavelength close to that corresponding to each " K sign reversal, a maximum of K is observed, in agreement with the Kramers-Kronig relations. The comparison between the P-MOKE and extinction spectra clearly indicates that the features in the Kerr spectra are correlated to the excitation of LPRs in the Ni nanodisks.
The MO activity is due to SO interaction that couples transverse magnetic (TM or p) and transverse electric (TE or s) modes in the material. By impinging on the sample surface with a TM radiation, as sketched in Fig. 1(b) , the reflected light acquires a small TE component, whose amplitude and phase lag with respect to the main TM component, determine the angles K and " K that identify the elliptical polarization of the reflected field. A vanishing " K is observed when between TE and TM components of the reflected field is an integer multiple of . Conversely, K vanishes when is an odd integer multiple of =2.
In order to precisely identify the physical mechanism through which the excitation of a LPR acts upon , we model the collective oscillation of conduction electrons of a Ni nanodisk as two orthogonal damped harmonic oscillators coupled by the SO interaction, as sketched in Fig. 2 . The nanodisk is approximated by an oblate ellipsoid with principal axes D and t, and we assume that the electric field of the incident light is uniform over the disk volume.
We describe the optical properties of Ni with an antisymmetric permittivity tensor with " xx % " yy % " zz % " and " xy ¼ À" yx ¼ Ài"Q, where Q is the Voigt parameter. All the remaining components of the tensor are equal to zero in the case considered here (disk magnetized along the z direction). The off diagonal terms " xy and " yx account for the effects of the SO interaction on the dielectric properties of the constituent material. In our oscillators model, these terms, hence the SO coupling, couple the two transverse oscillation modes: if one oscillator is excited, part of the oscillation is transferred to the other orthogonal oscillator. The amplitude and phase of the oscillation along x that is transferred to the orthogonal oscillator are governed by the interplay between the coupling strength, the stiffness of the springs, and the damping constant along y. Referring to Fig. 2 , the complex electric field amplitude E 0 of the incident light, assumed to be a plane monochromatic wave, is driving the collective oscillation of the conduction electrons along x. Consequently, a complex oscillating electric dipole p x ¼ xx E i x ¼ ð" À " m ÞE i x is induced. Here, " m is the dielectric constant of the medium FIG. 2 (color online). A ferromagnetic disk modeled with two orthogonal damped harmonic oscillators coupled by the spinorbit (SO) interaction; m represents the mass of the conduction electrons; the spring constants k x and k y originate from the electromagnetic restoring forces due to the displacements of the conduction electrons; x and y are the damping constants. surrounding
x is the internal electric field effectively acting on the conduction electrons. E d
x is the depolarizing field (restoring force) generated by p x owing to the spatial confinement and it is opposite to E 0 . It is customary to express p x in terms of E 0 as p x ¼ xx E 0 , where xx is the disk polarizability along x. The general expression of ii can be easily derived to be ii ¼ ½" m ð" À " m Þ=½" m þ N ii ð" À " m Þ [33, 36] . Here, N ii is the depolarizing factor along the ith direction, which accounts for the finite size and shape of the disk. The SO coupling transfers the oscillation to the second oscillator along y.
Considering the pure material effect, viz., neglecting for the moment the spatial confinement along y, the SO coupling induces an oscillating dipole p
It is convenient to describe this coupling through a second electric field E SO ¼ p SO y = yy ¼ p SO y =ð" À " m Þ acting on the conduction electrons along y: E SO ¼ " yx E i
x =ð" À " m Þ. Introducing the restoring force along y due to the spatial confinement, the electric dipole generated by the damped harmonic oscillation driven by E SO is p y ¼ yy E SO ¼ E i
x ð yy " yx Þ=ð" À " m Þ, where yy is the nanodisk polarizability along y.
The polarization of the far field radiated in the z direction by these two mutually orthogonal oscillating electric dipoles is given by the ratio [37] 
The fundamental consequence of Eq. (1), owing to the presence of only yy at the numerator, is that the plasmoninduced enhancement and phase tuning of the MO response occur when a LPR is excited by the SO coupling along the direction of the transverse harmonic oscillator. Noteworthy, the direct excitation of a longitudinal LPR by the incident light is irrelevant for the P-MOKE effect.
Equation (1) can be used to obtain the polar Kerr rotation and ellipticity for an isolated nanostructure of a general shape as K ¼ Re½p y =p x and " K ¼ Im½p y =p x . For an ellipsoidal particle of given material ( ") and size, Eq. (1) requires calculation of the ii , viz., of the depolarizing coefficients N ii . The latter are the elements of a diagonal tensor, called depolarizing tensor, and have to be computed numerically. Details of these calculations for a general ellipsoidal particle can be found in literature [33, 36] . For a direct comparison of our model predictions with the experimental P-MOKE spectra, we use the MaxwellGarnett effective medium approximation (EMA) approach [38] [39] [40] . This approach models the nanodisks in the embedding medium, a mix of air and glass in our case, as a homogeneous film described by an effective permittivity tensor that contains the polarizabilities and the disks concentration [33] . We set " m ¼ 1:15 and used the tabulated values of " and Q for Ni [41, 42] . Finally, we introduce the transfer matrix method (TMM) [43] [44] [45] to account for the glass substrate and evaluate the far field P-MOKE response. The P-MOKE spectra thus calculated are shown in the right panel of Fig. 1(c) . An outstanding agreement is obtained between the calculated and measured spectra, using as input parameters only the sizes and densities of the disks taken from SEM images, and literature values for optical and MO constants of glass and Ni. This proves that our simple model captures the essential physics of the interplay between MO activity and lightmatter coupling in spatially confined geometries.
We now focus on Eq. (1) to gain further insights of the detailed physical mechanism underlying the observed MO spectral features. An important quantity that can be retrieved from Eq. (1) is the phase lag between the TM and TE components of field radiated in the z direction. This phase lag is responsible for the peculiarities in the K and " K spectra, and it can be expressed as p y
Figure 3(a) shows how the two phase contributions, SO (due to the intrinsic properties of the material) and yy (related to the excitation of a LPR along y), combine. 
FIG. 3 (color online)
. Calculated spectral dependence of extinction (Im½ yy normalized to 1, dashed line), total phase lag ½p y =p x between p y and p x electric dipoles (solid line), and individual phase contributions due to spin-orbit coupling ( SO , dot-dashed line) and plasmonic resonance ( yy , shortdashed line) for a Ni nanodisk with a diameter of 160 nm. The gray arrow shows the displacement of the point at which ½p y =p x ¼ 0 when the phase due to the plasmonic resonance is added to that due to the spin-orbit coupling. (b) Spectral dependence of extinction (dashed lines) and total phase lag ½p y =p x (solid lines) for three disk diameters.
proportional to the extinction efficiency for a single nanodisk and displays a peak at % 680 nm, in agreement with the corresponding experimental extinction spectrum shown in Fig. 1(a) . The phase spectra of the LPR and SO contributions are plotted in the same figure (dotted and dashdotted lines), together with their sum (solid line), which corresponds to the phase lag ½p y =p x . The plot clearly shows that the additional phase, which is added by yy due to the LPR that is excited via E SO , alters dramatically ½p y =p x . Because of this contribution, the condition ½p y =p x ¼ 0, that results in a vanishing " K , redshifts from below 400 nm to 680 nm [gray arrow in Fig. 3(a) ], in correspondence of the peak in the extinction spectrum. Figure 3 (b) summarizes the spectral dependence of ½p y =p x for the three Ni disks (solid lines) together with their extinction efficiencies (dashed lines). Again, the wavelength at which ½p y =p x ¼ 0 is in excellent agreement with the wavelength of maximum extinction and sign reversal of " K in the experimental spectra of Fig. 1 (c) for all three nanodisks arrays. So far, circular MO nanostructures have been considered where xx ¼ yy and LPRs were excited simultaneously in both x and y directions. This geometry is the most studied in literature and concealed, to date, the physical mechanism unveiled by Eqs. (1) and (2) . In order to fully demonstrate that the direct excitation of a longitudinal LPR cannot give rise to the observed P-MOKE features, we investigated a sample in which the in-plane circular symmetry is broken, viz., the polarizabilities xx and yy are different. Such array is built from Ni nanoellipses with long and short axis of 180ðAE10Þ and 100ðAE5Þ nm, and a thickness of 30 nm. A SEM image of a portion of the array is shown in the inset of Fig. 4(a) . Figure 4 (a) displays the extinction spectra measured with the electric field E 0 of the incident light linearly polarized along the two in-plane symmetry axes of the system. Each spectrum shows a peak due to LPR with their maximum at 520 nm for E 0 along y (short axis) and at 760 nm for E 0 along x (long axis). In Fig. 4(b) , we plot K and " K calculated using Eq. (1), viz., without including the glass substrate, and modeling the elliptical disk as an ellipsoid. The calculated spectra predict that, when E 0 is parallel to the long axis, " K should vanish at the wavelength of the extinction peak observed when E 0 is applied along the short axis, and vice versa. In other words, the zero crossing of " K is ''blueshifted'' when E 0 is parallel to the long axes, and redshifted when E 0 is parallel to the short axes. This result, counterintuitive at first sight, matches the physical picture developed so far that the LPR excited along the direction of the transverse harmonic oscillator, driven by the SO coupling, determines the peculiar spectral features in the P-MOKE spectra.
We now compare the prediction of Eqs. (1) and (2) with the experimental P-MOKE shown in Fig. 4(c) . It is evident from the experimental data that the zero-crossing point for " K , as well as the K maximum, when E 0 is applied along the short axis [''A'' in Fig. 4(c) ] is ''redshifted'' compared to the case when E 0 is applied along the long axis [''B'' in Fig. 4(c) ], exactly as predicted by our model. Comparing  Figs. 4(b) and 4(c), one could argue that for the case of ellipses, our model does not provide the same good quantitative agreement as for circular disks. However, the reason of the discrepancy is not related to the physics of the magneto-optics, rather it is due to the reduction of the P-MOKE contrast caused by the glass substrate. In order to prove that this is indeed the case, we again make use of the EMA-TMM approach to include the effect of the glass substrate. The results of these calculations are shown in Fig. 4(d) , and the agreement with the experimental data is once again excellent. This proves that the apparent quantitative discrepancy between our model and the experimental data is merely a substrate effect, and directly confirms that our SO coupled two-oscillators model captures the essential underlying physics of the MO response of magnetoplasmonic nanostructures.
In conclusion, we investigated the spectral MO response of circular and elliptical Ni plasmonic nanostructures in polar configuration. By modeling the structures as two orthogonal damped harmonic oscillators coupled by SO interaction, we were able to unveil the fundamental physics that is responsible for the characteristic features in the MO spectra. Contrary to the intuitive argument that a MO enhancement is associated with the LPR that is directly excited by the electric field of the incident light, we demonstrated that the LPR excitation transverse to this electric field is what induces the observed MO spectral features. This result provides a new insight to the understanding of 
